The Discovery of * ©/

Petar Maksimovic, for the CDF collaboration

e |Introduction: what is Zb?

» CDF detector, trigger, A_sample

* Blind optimization, background estimates

e Fitting for the X © signals

* Systematics, significance
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Why 1 7
* Most b-mesons found and their decays studied

extensively

 Comparatively little is known about heavy baryons
(but several c-baryons recently observed by B factories)

* Finding and studying b-baryons completes and checks
the Standard Model

* Measuring masses, decay rates tests theoretical
approaches (description different from B mesons!)

* Discovering new particles is cool! (And good practice
for LHC too)
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search
for

b-baryons with B=1,C=0,J" = 1/2*, 3/2*

Notation cQo::?;:t )7 SU(3) (1,1) S B Mass
A b[ud] 1/2* 3* (0,0) 0| 1| 5619.7£1.2£1.2 MeV
=0 b[su] 1/2+ 3+ (1/2,1/2) Al 1 5.80 GeV
= b[sd] 1/2* 3* (1/2,-1/2) -1 1 5.80 GeV
> buu 1/2* 6 (1,1) 1 5.82 GeV
30 b{ud} 1/2+ 6 (1,0) 1 5.82 GeV
5 bdd 1/2* 6 (1,-1) o| 1 5.82 GeV
=0 b{su} 1/2+ 6 (1/2,1/2) Al 1 5.94 GeV
=0 b{sd} 1/2+ 6 (1/2,-1/2) A 1 5.94 GeV
Q,° bss 1/2+ 6 (0,0) 20 1 6.04 GeV
3 * buu 3/2+ 6 (1,1) 1 5.84 GeV
> *0 bud 3/2* 6 (1,0) 0 1 5.84 GeV
5 * bdd 3/2* 6 (1,-1) o| 1 5.84 GeV
= bus 3/2* 6 (1/2,1/2) -1 1 5.94 GeV
= bds 3/2* 6 (1/2,-1/2) -1 1 5.94 GeV
Q,* bss 3/2+ 6 (0,0) 20 1 6.06 GeV
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The four states of Zb

* In HQET picture: b-quark is a
static source of color field

* Light diquark pair decoupled if
mp — OO
= 3/2*(2.*
| . (2,
X, blggh, g=ud;, JSS=S,+s,
Ne 1720 (3,

o For finite m, the 3/2+(z,» and 1/2*

(%,) levels split due to spin-spin
interaction with the b-quark
=> Two states very close together

z, - type
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Theoretical expectations

* Predictions from a combinations of potential models,
HQET, 1/N_expansion, and lattice

2, property Expected value (MeV /c?)
m(X; ) —m(Ag) 180 - 210

m(X;) - m(Zy ) 10 - 40

m(X,;) - m(Z;) 5-17

'), T'(X7) ~8, ~13

* Enough as a rough guide for a blind search

e Expect: Zb(*) is massive enough to decay strongly to

Abn , but just barely
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Analysis strategy

e Reconstruct Ab as:
AY — Afm™
Aj’ —pK nT

e Then combine Ab with pions around it to form Zb, but
treat ©° and © separately:

Z,()*)_I_ — Agﬂ'_l_

21(;*)_ — Agﬂ'_
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. Tevatron + CDF = b-hadron factory

* All species of b-hadrons produced!

* Tevatron's has been performing really well: here using
~ 1.1 fb™" of data

Muon
e CDF has excellent N --.-.ff".*\‘
tracking: N, /Time of fligh

- d . resolution
(needed for B
physics)

- P, resolution

(needed to measure
masses)
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Reconstructing heavy hadrons

e Those CDF can reconstruct are
boosted sideways

* Use displacement in transverse

* Decays of hadrons with b
and c quarks can be
observed with a Silicon

Detector
Dec 7, 2006 Petar Maksimo



Mining b's from mountains of junk!

* Production rate of b-quarks is very large, but rate
of (uninteresting) soft QCD is 1000x larger

* b-physics program lives and

dies by the “trigger system” Primary Secondary
Vertex Vertex
- veryfastelectronics Lxy o
- examines events in real tme 7 ~
- decides to keep some events / o
(e.g. those with two displaced d, = impact parameter

tracks)

* Silicon Vertex Trigger (SVT) — part of trigger system that
finds displaced tracks and triggers on heavy hadrons
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Reconstructing A and X

 Proton and n from A_usually

fire Two (displaced) Track
Trigger (based on SVT)

B° — DTz~ has similar
topology, and can be
mistaken for A, — A7~
decay

7 from Zb comes from

primary vertex, along with
tracks from hadronization
and Underlying Event

Dec 7, 2006 Petar Maksimovic, BNL Seminar 10



CDF Il Preliminary, L = 1.1 fb™

N(A, ) ~ 3000

The largest A sample in the world

— Ay 2> APy A DX T Comb. Bkgnd.
-=== A, semileptonic + other

— B semileptonic + other
=== A, and B 4-track decays
— Ay > A K

o —
3 . .
S 1900 partially i
Q —  reconstructed
= {200 |¢———>
c -
N N
@ 1000 §
Q | ]
m Rl
QD 800 e
O — \
o - %%,
400
200
0_ I -"' r¥ .
5 5.5

r_eflections like
BY - DTx—

.- feed here

fake A, background

6.5
m(A; ) GeV/

7
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Composition of A signal window

» 86.4% of A_(all decays)

* 9.3% of B mesons (all decays)

o 4.2% of fake A_(combinatorial)

For £ search, use these numbers to normalize
backgrounds on Q distribution

Systematics: shuffle up to 200 events from A
component to two backgrounds

Dec 7, 2006 Petar Maksimovic, BNL Seminar
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Reconstructing X

CDF Il Preliminary, L = 1.1

fb!
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— Ay AP A DI T, Comb. Bkgnd.
==== Ap, Semileptonic + other

= B semileptonic + other
=== A, and B 4-track decays

— Ap > A K

‘4 >

6

6.5 J
m(A; ) GeV/c
i

e Use Ab candidates from
“A, signal region”

e Combine those with
prompt tracks to form

Zb candidates

"A, upper sideband”

(source of fake A_background)
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* Split into two sub-samples: Looe
A 1 :look for X “and 2 * E

Abn+ - look for Zb+ and Zb*+

e Remove effect of Ab resolution

by looking at

Q — m(Abﬂ') — m(Ab) — M

Dec 7, 2006

Reconstructing X
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signal Zb side-
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Use A, signal region
(30 around A _peak)

Note: no cut on
p(rtfrom X ) !

Only cos6™ makes
substantial difference

Optimized cuts

X optimization

7

TN Ab P
frame /*/
0
Zb boost direction
in [ab frame
Variable | Cut value
pr(Zp) | >9.5GeV/c
‘dU/GdU‘ < 3.0
cos 0" > —0.35

Petar Maksimovic, BNL Seminar
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Y, optimization: N-1 scan for cos6”

= 1.0
C 40 ._.n-------...'
-lg 3‘5;_ asaane?® '-..... o8 (>5.
O 30 %e,
E(S) % 2‘55_ '-. 0.6 %
= S
B O sk . =
8 1‘0; ¢ 0.2 t
) nﬁsi— ¢ |
W0 —Fg 5 oo 05 — X
Min coso*
180 = — 180
160 — 160
140 — 140
. /_' = .
> sidebands ~=E ——a_ ¥ signal
b 100 - 100 b
(data) 80 - Jo  (PYTHIA)
60 — “6o
40 F a0
20F 20
1.0 o5 00 05 T8
coso*
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Backgrounds to worry about

34 signal region B meson bkg
(expect two narrow (possible peaks
states) \ from B**, D*...?777)

_ _ ﬁ.h hadronization
Combinatorial + Underlying Event

background (dominant bkg)
(under control)

Dec 7, 2006 Petar Maksimovic, BNL Seminar 17



Composition of backgrounds

Background type Source Contribution
A, hadronization PYTHIA dominant
Upper A, sideband
Combinatorial m(A,)0 [5.8, 7.0] small
B meson hadronization B°data small
,’}f""m.B . B’ PYTHIA Dominant within B°
adronization
All B meson T from
reflections | * Inclusive b-had M negligible
B decay (D*, D**)
71, from B** B° PYTHIA negligible

Will be ignored from now on

Dec 7, 2006

.

Petar Maksimovic, BNL Seminar
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PDF form for background shapes

* All backgrounds modeled with a PDF of this form:

(@it Q) = (5 ) (02)-1

QH'}&X

(fits well a whole range of B meson fragmentation shapes)

* Fit separately every background component

(Systematics: try alternative shapes)

Dec 7, 2006 Petar Maksimovic, BNL Seminar



Candidates /(10 MeV/c’ )

Candidates / (10 MeV/c’ )
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Data/MC

A, hadronization in PYTHIA

CDF Il Preliminary, L = 1.1 fb'

600

500

400

300

200

100

3.5
3.0
2.5

—s— Data

—_—s— MC

t

2 prob:0.01 %

2 fit prob: 37.58%
const = 1.31+ 0.06

slope = -0.025 + 0.004

e

40

50

pr(A,) GeVic

* Need hadronization and
Underlying Event
background (shape, norm)

* For B mesons, PYTHIA
works like a charm

- cf. SSKT for Bs mixing
* No guarantees for baryons!

e Same as for B mesons,
pT(/\b) spectrum must be

reweighted

BNL Seminar 21



CDFII Preliminary

45

—m— Data

40

—a— MC

20

B

x2 prob:0.00 %

15E ! fﬂw"l 1 L,|,, |.' I . |

Ab hadronization: PYTHIA vs data

CDFIl Preliminary

Abn'

40 —m— Data

%2 prob:0.00 %

const=1.62+0.12

L

| %2 fit prob: 18.60%

|||1||| ||I| | ||

10EL i
5 + +
Q4.0
Z 3.5
] +2 fit prob: 16.40% S :
“30 | Const = 1.54 4 0.11 = 3-0F
= 25 slope = -1.097 + 0.342 = 2.5f
2.0f | 2.0
1 .5 '|I | 1 5K
1.0 i | 1.0
0.5 I 0.5
Q = M(A%) - m(AD) - m(n) (GeV/c) Q-
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Reweighting A hadronization

CDF Il Preliminary, L = 1.1 fo' CDF Il Preliminary, L = 1.1 fbo"
350F 5 350 2
E e Data v~ prob:0.00 % E e Dat v* prob:91.65 %
300 . e 300 e
250 4yt Use data 250E | 4 ahted
2005 4 ++ to reweight 200F 4 't (reweighte
150 .t PYTHIA 150F- by track pT)
100F- L 100F-
50F- 50F- L
n: n: i
O 4.0 QO 4.0
g 3.5F g Ul I
®© 30 %2 fit prob: 91.96% 5 oE v? fit prob: 92.42%
© C const = 1.89 + 0.07 = F const=1.02+0.05
N 2.5F slope =-0.386 + 0.044 O 2.5 slope =-0.017 + 0.040
: 2.0F
1.5E J[ Jr
= +
: 0.5F T
e e e S e T

pr(track) GeV/c p.(track) GeV/c



x2 fit prob: 16.94%
const = 0.90 + 0.07
. slope = -0.114+ 0.243
&
1.0 1l || |
0.5 H /| |
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A, hadronization, after reweighting
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A. hadronization background

n
=
!

¥2N, =125/ 53 = 0.24
Fit Prob. = 100%

i\ J[ | } » Effectively, used
w ol PYTHIA to
K R interpolate
dw

+a
=

L
=)

P
=)

 Shape is smooth in
Zb signal region!

5
>
ﬁI

Candidates /(10 MeV/c’ )

m: EET— T ;fmm,; 871 E:3I=+I11Iﬁl
% E .u.‘ .‘ Fit Prob. = 100%
2 o, R
E -\ {- by :
= 3op jisat Systematics: use
2 of b e ; extremes of the
= §H
- ATt track p_ spectrum
© to reweight
80— —"01 0z 03 04 05

Q= mAT) - m(A9) - m(n) (GeVic) - 25



Candidates per 5 MeV/c”

Q=m

CDF Il Preliminary, L = 1.1 fb’
40 —Total Bkg

- ——A} Ha + UE Bkyg
L] S .

- Zb | B Ha + UE Bkg
30 * ® —— Combinatorial Bkg
o5

E II!“I“.III' ul ol
” Ji

- gy e ey """""Fﬂﬂ
15 -.jl ||.

/! | I

y .I x h
10 ", ﬂl’;

5F

= | " S .

“F ”Z_ Total Bkg
35| A Ha + UE Bkg

- Y —B Ha + UE Bkg
30 - b iin.- —— Combinatorial Bke
o5 | 'i e |
20 - | ..Inl!llmuulllllﬁ 'llqlill | l ||

o, [ F
~ . o - ’
15 d !f I l . ‘.c.“lih": ‘..-',] N
b : ‘“""“In.“ |
o } fng iy
| .
QT 33 <3 04

llllllll

Bkgs before
unblinding

* A\, hadronization
dominates

e Small contribution from

- B meson bkg
- Combinatorial

* These backgrounds
are fixed when we fit

for 2, signals
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* Expect 4 peaks:

- *_ " -
— Zb and Zb in Abﬂ:

— Zb and Zb in Abn

* Each peak:

- Breit-Wigner (x) Resolution fun.
- I'(X, ) predicted by HQET

020
Dec 7, 2006 Q=m(A%) - m(Ag) - m, (GeV/c?)



5 Gparrow = 1.1 MeV/c?
5 Gyige = 3.0 MeV/c?

5 Grarrow = 1.2 MeV/c?
= 3.0 MeV/c*

wide

Z:I:t Gwide

IIIJlJIll II|IIIIIIII|II||

an

o
- =
I|II|IIII|IIII|IIII||||I|IIII|IIII|IIII|II|||III

0.025 0.030 0.035 0.040 0.045 0.050 0.055 0.060 0.065
Q = m(A2 ) - m(A?) - m(m) (GeV/c?)

Dec 7, 2006 Petar Maksimovic, BNL Seminar

Detector resolution of measuring Q

e Generated Zb
PYTHIA MC

o Zb states with no
natural width

e Checked MC
in Zc and D*

Disagreement of
15-20% seen in
some cases,

use as syst.
28



['(X ) as a function of M,

» I'(X ) predicted

My,

I's, A =
by HQET: TRt

£ 2 1= |3
67T qu P‘ ‘pﬁ‘
fp — gA/f , A — 0.75(#0.05

hep-ph/9406359]

r [MeVch]

IIISBIIIIBBII
M(A m-MA )-M(m)

N BN B
90 190
[MeV/c]

From fit to ZC(*)++

states (use as
systematics)

[(Z ) in an
excellent

agreement
with PDG
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0.45
0.40
0.35
0.30

0.25
0.20
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>)* Projections / (5 MeV/c’)

0.05

O
OpTTTT
O
-
-
on

0.10 0.15
Q (GeV/c?)
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Modeling 2. signal peaks

e Natural width
from HQET
formula

e Dominates
over detector
resolution!

* Breit-Wigner
peaks get
wider as
m(Z,) goes

up
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Candidates per 5 MeV/c’

CDE Il Preliminary, L = 1.1 fb"

50
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40
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—Total Bkyg
+ Z (*)- A% Ha + UE Bkg
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A

{ i | jlll_lb".' p _ pd
+ n.‘in:.lm..th A
; |
|||||||| [ —]
—Total Bkg
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—— Combinatorial Bkg

\ “.**.wlﬂwj !
[ . | L * I L L L L | I I ] I } ] " i
01 0.2 0.3 0.4 0.5

Q = m(A%T) - m(AY) - m, (GeV/c?)

Box open!

Data
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eXCEeSS
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406
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CDF Il Preliminary, L = 1.1 b’

50

40

30

20

10

Candidates per 5 MeV/c’

Fit Prob. = 76%

gl |IIII|IIII|IIII|IIII|III

[
u— ]

0.10

Total Fit

Background
5 o AP

5 — Al

Total Fit

Background
Eb — AT

v Aon"

- +

47

0.15 0.20

m(Ag) - m, (GeV/ic)

The fit

 Backgrounds frozen
in the fit

e Signal: 4 peaks, each

- 2 Breit-Wigners
(resolution has 2
Gaussians)

- I'(X,) as a function of
center of each peak

e m(Z *)-m(Z, ) common

parameter

32
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Fit results

Parameter Value MINOS Errors
IO, (MeV/c?) 55.9 (+0.990, -0.959)
2, events 60 (+14.8, -13.8)
>+ Q (MeV/c?) 48.4 | (+2.02,-2.29)
E-SL events 29 (+12.4, -11.6)
Y, events 74 (+18.2, -17.4)
Z-?L events 74 (+17.2, -16.3)
2, - Xp (Me"\f/cz) 21.3 2.03, -1.94)

e Only significant correlation between Q(Zb+ and

Q(Zb*) - Q(Zb) (because Zb+ peak is weak...)

Dec 7, 2006 Petar Maksimovic, BNL Seminar



. Systematics: procedure

* Already listed an array of “variations™:

- change: Ab signal region sample composition, det. resolution,

natural width, functional form of background PDFs, extreme
reweighting track p_ distribution, etc.

e For each variation:

- generate 1000 Toy MC experiments with “changed” PDF
- fit with “baseline” PDF
- average differences between fit results is the systematic error

Dec 7, 2006 Petar Maksimovic, BNL Seminar 34



Systematics: results

e All small for mass measurements

Parameter Tracking[ AV Comp.JAY Norm.JAY Shape [Reweight| Rest=I>;, Width'| Totall
O=]) MeV/cA)] 006 | 003 [ 0013 | 0013 [ 00 [ 00 [ 00T []0.07
-0.06 0.0 -0.013 0.0 -0.11 [-0.014] -0.02] [-0.13
QZ; ) (MeV/c5)| 0.06 0.0 0.009 0.0 0.04 0.0 | 0.009] |0.07
-0.06 -0.03 -0.002 | -0.011 | -0.0004 |-0.011| -0.005] [-0.07
AZ}) - AZp) 0.06 0.05 0.14 0.04 032 | 002 | 0.07 §]0.37
(MeV /c)| -0.06 0.0 -0.13 0.0 J.0 0.0 | -0.07 {|-0.16
Y, events 0.0 3.3 2.1 1.2 2.3 0.3 1.8 5.0
0.0 0.0 -2.1 0.0 -1.8 0.0 20 |-34
X, events 0.0 0.7 2.2 0.3 74 0.3 3.4 8.5
0.0 0.0 2.2 0.0 0.0 0.0 34 |40
Xi T events 0.0 7.3 4.8 2.8 4.6 0.2 0.8 10.3
0.0 0.0 -4.8 0.0 -2.9 0.0 08 | -57
X, events 0.0 0.4 4.8 g.3 14.7 0.1 1.7 15.6
0.0 0.0 47 00 0.0 0.0 -1.7 | -5.0
o Track p_reweighting largest for yields
Petar Maksimovic, BNL Seminar
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Yields (including systematics)

Number of events for each state:

e N(Z,) = GOJTBI% (stat)

|+

3.4

10 (syst)
0
4

o N(T,) = 29+%%g (stat) g: (syst)

|+

e N(Z,7) = 74%% (stat) Jjé:ﬁdﬁ (syst)

o N(Z,7) = 74+%g§ (stat) J_ré%g (syst)

Dec 7, 2006 Petar Maksimovic, BNL Seminar
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Significance

* |n total, a very significant signal

- Naive §/\/S + B gives ~9¢
- P-value calculation > 5c: don't have enough Toy MC to probe
the 9c-level (extrapolation too imprecise)

o Strength of signal hypothesis (4 Zb peaks) best

expressed by Likelihood Ratio (LR):

L Evaluate LR
10O peak fit < for multiple fit
models and pick the

L4 peak fit worst case scenario!

LR =

Dec 7, 2006 Petar Maksimovic, BNL Seminar 37



Likelihood Ratios

* Overall significance  [Hypothesis

* Four or only two
peaks?

Null
2 peaks
No X° Peak

* What if one peak is. |NO X, Peak

fake?

e “Itis ~2.6x10" more likely that this is a 4 peak Zb
signal than that it's a background fluctuation!”

Dec 7, 2006

No Z';;_ Peak
No Z';;“L Peak

Petar Maksimovic, BNL Seminar
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CDE Il Preliminary, L = 1.1 fb' __ Fit Prob. = 76%
B — Total Fit
— Background
— 5 S AT
— IS Alr

50:—

Summary

40—

30|

20|

* Discovered four
new particles!

10)

Candidates per 5 MeV/c

— Total Fit

— Background
— X oAl
— IF > Aln

g + ﬁf%

y

* And measured their masses: " "= e T e o
- b~ b/ =

e ~ 240 events In total

e m(X,) - m(AE) -m(m) = 55.9717 (stat) £0.1 (syst) MeV /c?

wo oo

+1.
—1.
e m(X)) - m(AE) -m(m) = 48. 4+% (stat) 4=0.1 (syst) Mercg

em(Z;)-mE,)=mE;") -mE)) =213 (stat) 75 (syst) MeV/c?

Dec 7, 2006 Petar Maksimovic, BNL Seminar



Baryons with Up, Down, Strange and Bottom Quarks and Highest Spin (J =3,)

beb Three Bottom Quarks
not yet discovered

Two Bottom Quarks
not yet discovered

+
Zb
Discovered

One Bottom Quark
notall discovered

Z

Discovered

A++

: No Bottom Quark
A_ . - all discovered
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BACKUP SLIDES

Petar Maksimovic, BNL Seminar

41



Heavy baryon classification

e X "is (uub), decaying to A ° 1"

« X is (ddb), decayingto A ° T

Dec 7, 2006 Petar Maksimovic, BNL Seminar
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Ags Claal, o Eer ClAAL mm

AC and ZC states

* Typical decay of -
type to A-type + w

e For Y. , expect
similar relationship

Zc and Zc*
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Tools:

'..T-"_i_ |
-l-_ | = 1

to'Chicage. ——»

Tevatron

* Recently, Tevatron has
performed wonderfully

* By now over 2 fb™
delivered to CDF and
DO

* This analysis uses
1.1 fb™ delivered to
CDF by March 2006
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Hopes for the future

* Have about 500 eventsin A, — J/¢A

* Additional 1000 in Ay — qur— , but in different
triggers

* Potentially another 1k in other channels like Ay — A 37

On the shopping list:

e Measure Am(Zb) in + and — data separately

» Measure production rate relative to A_
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